Abstract�A moving grating oriented ± 45° to the vertical can be perceived at choice as drifting along a left-right or up-down directional axis. When the drifting stimulus is presented alone, direction discrimination thresholds are independent of the specified response-axis. However, they strongly depend on it when the moving stimulus is superimposed on a vertical or horizontal stationary grating. Facilitation is always obtained when the drift direction of the intersections of the two gratings ('blobs') is collinear with the response-axis (i.e. when the orientations of the stationary grating and of the response-axis coincide), while inhibition is observed in the 'noncollinear' cases (i.e. when the orientations of the stationary grating and of the response-axis are orthogonal). These results are generalized in a series of reaction time (RT) experiments where the stimulus configuration described above was set at suprathreshold contrasts and where the orientation/direction of the drifting grating was variable. RT increased when the angle between the response-axis and the direction of the drifting grating increased (uncertainty effect), whether the test stimulus was presented alone, or superimposed on the stationary grating. The uncertainty effect was, however, significantly decreased under 'collinearity' conditions. The attenuation of the uncertainty effect was proportional with the velocity of the blobs and about equal in amount to the RT decrease obtained through the manipulation of the velocity of the drifting grating when presented alone (velocity effect). This observation strongly suggests that both component-and blob/plaid-related information contribute to the directional perception of a compound stimulus and that they sum algebraically.
INTRODUCTION
It was noticed more than 50 years ago (Wallach, 1935) that two spatially overlapping drifting stimuli may combine and elicit a percept of motion whose direction and speed do not coincide with the direction and speed of either of the two component stimuli. All the models proposed to account for this coherent motion phenomenon are stimulus-oriented in the sense that the resulting motion is predicted on the basis of some kind of combination rule of its Fourier components whose processing is (Daugman, 1981) or is not (Johansson, 1950; Adelson and Movshon, 1982) subject to a nonlinear distortion.
As it stands, the combination rule is abstract and is not constrained by any neurophysiological reality. At a first sight, the vectorial combination rule of Johansson (1950) and the 'lines of constraint' model of Adelson and Movshon ( 1982) behave as if the resulting motion is absent in the physical stimulus and imply therefore the existence of a sensory combination of the input signals.
The lines of constraint combination rule proposed by Adelson and Movshon and extensively referred to in the literature (Movshon et al., 1983; Ferrera and Wilson, 1987; Nakayama and Silverman, 1988a, b; Welch, 1989 ) has a cumbersome property. Its velocity (direction and speed) predictions are strictly equivalent with the direction and speed of the higher contrast regions of the complex stimulus (blobs) determined by the spatial intersections of its components. The only difference between the lines of constraint model and the 'blobs hypothesis' (see below) is conceptual in that the former assumes a two-stage motion-processing module, whereas the latter is more parsimonious since it requires a one-stage motion-processing module only. The blobs hypothesis may be assimilable to a local, nonlinear processing of contrast. Such a possibility has been documented by several recent studies concerned with spatial detection and discrimination in general (Burr et al., 1986; Derrington and Badcock, 1986; Morrone and Burr, 1988) and with motion detection in particular (Derrington and Henning, 1987) .
In contrast, the 'two-stage' processing hypothesis assumes that the visual system processes the (sinusoidal) components of the compound stimulus at the first processing stage (Fourier analysis) and combines its outputs into a coherent motion (through the lines of constraint rule) at the second stage. According to this view (Movshon et al., 1983; Ferrera and Wilson, 1987; Nakayama and Silverman, 1988a, b; Welch, 1989) , the perceived direction of coherent plaids should be unaffected by the direction of one or the other of their component gratings provided that the direction predicted by the intersection of the lines of constraint (or blobs) remains unchanged. The purpose of the present study is to test this particular prediction.
If component-related directional information happens to determine, even partly, the direction discrimination performance, then the two-stage model should assume that firstand second-stage outputs coexist and possibly combine. While neurophysiologically plausible (e.g., DeYoe and Van Essen, 1988) , this implementation of the two-stage hypothesis deviates from its more classical, purely serial interpretation. Moreover, it may be assimilated to a one-stage model allowing for simultaneous linear (i.e. Fourier) and nonlinear (blobs) processing of the drifting plaid. The conceptual advantage of the second interpretation consists in its parsimony. Previous studies could not provide a direct measure of the relative contribution to the perceived direction of a drifting plaid of its sinusoidal components because of the inherent directional ambiguity between the distinct directions of the latter. We present here a new experimental paradigm which avoids this ambiguity by using a compound stimulus with only one drifting component. It should be noted that this stimulus is perfectly dealt with by the lines of constraint model whereby one of the lines of constraint passes through the origin. Consequently, the interpretation of our results should be generalizable to any class of drifting plaids.
We use the new paradigm in a series of threshold and reaction time (RT) experiments. The threshold experiments are meant to demonstrate that directional information with complex moving stimuli is obtained through the concomitant processing of their Fourier components and of their intersections (i.e. blobs or intersection of the lines of constraint). The RT experiments are meant to generalize these results to suprathreshold conditions and to quantify the relative contribution of these two processing modes to the directional perception of the plaid.
RATIONALE I. THE RESTRICTED PARADIGM
The rationale of the threshold and of part of the RT experiments is illustrated in Left-Right (L-R) or Up-Down (U-D). When the stationary grating is present, the experimental setup is such that in two out of four stimulus/response-axis combinations the response-axis is coincident with the direction of drift the blobs (hereafter referred to as pattern direction), while it is orthogonal to it in the remaining two combinations. In the remainder, we will refer to these combinations as the collinearity (U-D, stimulus b and L-R, stimulus c) and noncollinearity (1-r, stimulus b and u-d, stimulus c) conditions, respectively.
For condition a, performances are not supposed to depend on either stimulus orientation or response-axis (Levinson and Sekuler, 1980) . Under the strong assumption that the blobs (or the intersection of the lines of constraint) are the only determining clues for the perceived direction of motion, discrimination performances should be increased (relative to that for condition a, i.e. lower thresholds and/or shorter RTs) for the collinearity conditions and they should be close to chance level (very high thresholds and/or very long RTs) for the noncollinearity conditions. Indeed, under noncollinearity conditions, the response-axis is entirely undetermined with respect to pattern direction. Notice that, whether matched or mismatched to the response-axis stimulus-configurations b and c are strictly equivalent both physically and perceptually.
If, however, directional perception with complex stimuli is entirely determined by the processing of the Fourier components, discrimination performances should be equivalent under collinearity and noncollinearity conditions. Because of inhibitory interactions between the drifting and stationary components (Gorea and Fiorentini, 1982) , performances obtained with stimuli b and c should be globally lower than those obtained with stimulus a.
A compromise hypothesis according to which directional performances with complex stimuli are simultaneously determined by their Fourier components and by the blobs (or the intersection of the lines of constraint) will predict intermediate results:
(i) performance obtained under the collinearity conditions should always be better than that obtained under the noncollinearity conditions but not necessarily better than that obtained with stimulus a; (ii) performance obtained under the noncollinearity conditions should be above chance level.
METHODS: THRESHOLD EXPERIMENTS

Stimuli
They were stationary and drifting sinusoidal gratings generated by a Picasso Image Generator under computer control (M/OS-Mostek Microsystem) and were displayed on a 608 Tektronix CRT with P4 phosphor at a mean luminance of 88 cd/m2. The drifting grating was presented alone or superimposed on a stationary vertical or horizontal component. In the latter two cases, the stationary and drifting gratings were always matched in spatial frequency ( or 4 c/deg). The speed of the drifting grating was 1 or 5 deg/s (corresponding to temporal frequencies of 1 and 5 Hz for the 1 c/deg grating and of 4 and 20 Hz for the 4 c/deg grating). Its orientation (and the corresponding velocity vector) was set at + 45 or -45 deg (with respect to the response-axis). When presented, the stationary grating was set at 20% contrast.
The inspection field was circular and subtended 3.6 deg in diameter at a viewing distance of 150 cm. It was surrounded by a large white surface of about equal brightness. Fixation was facilitated by means of four small black dots displayed at the vertices of a virtual diamond of side 1 cm. The stimuli were viewed binocularly with natural pupils by the two authors, who acted as observers.
Procedure
Performance was measured in terms of the contrast threshold of the drifting grating necessary to reach a 81.6% correct level of direction-discrimination.
This was achieved by means of a 2AFC staircase procedure whereby each wrong response entailed a contrast increment and each consecutive sequence of three correct responses entailed a contrast decrement. The contrast increment/decrement step was 2 dB. The contrast threshold for each experimental condition was estimated in a series of preliminary trials and the estimated threshold was used as the starting point of the staircase procedure that consisted of 70 trials per stimulus condition with the first five trials systematically discarded. Threshold estimation was obtained by averaging all (i.e. at least 20) reversal points. One stimulus presentation lasted 200 ms. The temporal interval separating the observer's response and the presentation of a new stimulus was 400 ms long. Short tones were provided as feed-back for wrong responses.
The orientation ( ± 45 deg) and direction of the moving grating were chosen randomly from trial to trial. The orientation (0 or 90 deg) of the stationary grating was also chosen randomly from trial to trial and two independent staircase sequences were interlaced such that one experimental session consisted of 130 trials. Sessions with the stationary grating absent were run separately. The response-axis (L-R or U-D) was specified at the beginning of each session. All stimulus conditions, determined by the presence (vertical or horizontal) or absence of the stationary grating, its orientation, the response-axis and the spatio-temporal characteristics of the stimuli, were randomized from session to session following a balanced square procedure such that each threshold measurement was repeated four times. All experiments (including ones using reaction time; see below) were completed over a period of 4 months by the two authors, an emmetrope and a corrected myopic. Performance obtained in the absence of the stationary grating shows that L-R and U-D thresholds are practically identical (for both observers). Directional sensitivity is thus independent of the response-axis per se.
RESULTS. THRESHOLD EXPERIMENTS
The main observation to be drawn from the data concerns the strong interaction between the response-axis and the orientation of the stationary mask in all four stimulus conditions (F(1,7) = 43, P < 0.0005). In line with the rationale described above, these results indicate that directional sensitivity with complex stimuli is jointly determined by the drifting Fourier components of the stimulus and by its blobs (or the intersection of the lines of constraint). Indeed, the unique contribution of the Fourier components should have resulted in a lack of interaction between the response-axis and the orientation of the stationary grating. On the other hand, the unique contribution of the blobs would have rendered the measurement of the directional threshold impossible under the noncollinearity conditions. The design of the present experiment does not allow the assessment of the relative contribution of the two sources of information.
With the exception of 4 (out of 32) experimental conditions (observer JL, collinearity conditions, 4 c/deg at 4 Hz and 1 c/deg at 5 and 20 Hz), all directional thresholds for the complex stimuli are higher than those measured with the drifting grating presented alone. This overall loss of sensitivity is probably due to the inhibitory effect of the stationary grating per se (Gorea and Fiorentini, 1982) . Because this inhibitory effect cannot be evaluated directly, the putative inhibitory effect of the orthogonally drifting blobs (noncollinearity conditions) cannot be evaluated either.
An interesting point to note is that threshold increment/decrement (in log units) corresponding either to a 90 deg change in the orientation of the stationary grating for a given response-axis, or to a change in the response-axis for a given orientation of the stationary grating, is practically independent of the spatio-temporal characteristics of the stimulus (an average factor of 1.18 and 1.27 for observers AG and JL, respectively). This implies that the sensitivity to the drifting blobs is scaled with respect to the sensitivity for the sinusoidal components of which they are the intersection points.
RATIONALE II. THE EXTENDED PARADIGM
The extension of the paradigm described in the Rationale I Section has a double purpose. First, we are interested in finding out whether, under collinearity conditions, directional performance depends on the velocity of the blobs (hereafter referred to as pattern velocity). If it does, it must be concluded that blobs (or intersection of the lines of constraint) related information plays a critical role in the directional perception of plaid-stimuli. It is indeed known from previous studies that, within a limited velocity range, both directional threshold (0) and RT decrease when velocity ( V ) increases (Tynan and Sekuler, 1982; Pasternak and Merigan, 1984; Troscianko and Fahle, 1988) :
Second, we ask the question whether a pattern velocity related effect may be counteracted by an uncertainty effect (see below) related to the direction of the drifting component of the compound stimulus. A positive answer to this question will support the hypothesis according to which directional performance with complex stimuli is simultaneously determined by the Fourier components and by the blobs and that these two types of information interact at the decision level.
The directional uncertainty effect (DUE)
The direction of a drifting grating is fully determined, or completely undetermined, depending on whether it is collinear with or orthogonal to a prespecified responseaxis. For example, one cannot provide a consistent 'left/right' response for a horizontal, up/down drifting grating. One may then assume (see Appendix) that directional thresholds (0) and/or RT are inversely proportional to the cosine of the absolute angle a between the direction of the drifting grating and the response-axis (see Fig. 3 ):
The underlying assumptions as well as a more elaborate model of this relationship are developed in the Appendix.
Pattern (blobs) velocity
In a stimulus composed of a stationary and of a drifting grating, pattern velocity, Ub; varies relative to the nominal velocity of the drifting grating, Vo, in inverse proportion to the cosine of the absolute angle /3 between the direction of the drifting grating and the orientation of the stationary grating (see Fig. 3 ):
In the present experiments, the orientation of the stationary grating was .either collinear with the response-axis (i.e. 0 deg orientation for an L-R response-axis, or 90 deg for a U-D response-axis), or orthogonal (noncollinear) to it. Thus, a = /3 under the collinearity conditions and a = 90 deg -/3 under the noncollinearity conditions. It follows then from eqs. (2) and (3) that the DUE and Yb covary under the collinearity conditions and that they are inversely related under the noncollinearity conditions:
The interesting point here is that manipulating a entails opposite DUE-and Vb-related perceptual effects. Thus, under collinearity conditions an increase in the DUE should decrease performance, whereas the correlative increase in the pattern velocity should improve performance. Since, with our stimuli, DUE and V, are exclusively related to the processing of the Fourier drifting component alone and to the processing of the blobs (or intersection of the lines of constraint), respectively, the present paradigm permits an evaluation of which of the two types of information determines the directional performance for a drifting plaid or, to the extent that they both do, what is their relative strength. Under noncollinearity conditions, pattern direction is orthogonal to the response-axis and thus task-independent.
The blobs may then play both a masking (Levinson and Sekuler, 1975; Gorea and Fiorentini, 1982) and a distractor role. The present paradigm does not permit an evaluation of the strength of such masking relative to the masking produced by the stationary grating itself (Gorea and Fiorentini, 1982) . Whether the one or the other, it is not clear how the velocity of the orthogonally drifting blobs would influence RT responses, necessarily based on the detection of the drifting sinusoidal component. Under all circumstances, the RT/a function should be shifted upwards relative to the condition where the stationary component is absent.
The above described 'extended paradigm' was used exclusively in the RT experiments.
METHODS: RT EXPERIMENTS '
Most of the stimulus conditions were the same as in the threshold experiments. Those which were not are specified below.
Stimuli
In a first series of experiments (RT I), the drifting grating could be presented alone or superimposed on a vertical or horizontal stationary grating as in the threshold experiments. In a second series of experiments (RT II), the drifting grating was always presented alone and its orientation (vertical or horizontal) was always orthogonal to the response-axis (i.e. no directional uncertainty).
In the RT I experiments the angle a between the direction of the drifting grating and the orientation of the response-axis could be 0, 20, 45 and 70 deg. According to eq. (3), these angles result in blob speeds 1, 1.06, 1.4 and 2.9 times the speed of the drifting component under collinearity conditions and oo, 2.9, 1.4 and 1.06 times higher than the speed of the drifting component under noncollinearity conditions. When presented (RT I experiments), the stationary grating was set at 30% contrast. The contrast of the drifting grating was also set at 30% in the RT I experiments, and at either 30 or 60% in the RT II experiments.
Whereas in the RT I experiments the speed of the drifting grating could be 1 or 5 deg/s (as in the threshold experiments), it was set a factor of 1, 1.06, 1.4 and 2.9 higher than the above in the RT II experiments. Technical limitations prevented the application of these multiplicative factors to the 4 c/deg-5 deg/s stimulus.
Procedure
In addition to the two authors who served in all experiments, a third naive observer (a female student, 21 years old) participated in the RT I experiments for the conditions where the angle a between the direction of the drifting grating and the orientation of the response-axis was 45 deg (see Fig. 4b ).
The observers were asked to indicate the perceived direction of motion (according to the prespecified response-axis) as quickly as possible by pushing one of two response-knobs.
The knobs were displayed either horizontally for a L-R responseaxis, or vertically for a U-D response-axis. Trials for which the RT was shorter than 200 ms or longer than 800 ms were discarded and repeated later in the session.
In the RT I experiments, one session was specified by the spatio-temporal characteristics of the stimulus (four spatio-temporal combinations), the characteristics of the stationary component (vertical, horizontal, or absent) and the response-axis (L-R or U-D). For the first two observers (the authors), the experimental conditions were presented according to a balanced square randomization procedure which required 144 experimental sessions, each experimental condition being run six times. Within one session the orientation of the drifting component and its direction of drift were randomized across trials. The third observer, who was run exclusively under conditions where the orientation of the drifting grating was fixed at ± 45 deg, followed a simplified randomized series with each experimental condition repeated four times.
In the RT II experiments, one session was specified by the initial spatio-temporal characteristics of the drifting grating (three spatio-temporal combinations resulting in two initial speeds), by its orientation (vertical or horizontal) associated with the corresponding response-axis and by its contrast (30 or 60%). The balanced square randomization rule required 72 experimental sessions, i.e. six repetitions per stimulus condition. Within one session, speed (i.e. the initial speed multiplied by a factor of 1, 1.06, 1.4 or 2.9 to match the blobs' speeds in the RT I experiment) and direction were randomized across trials.
Each stimulus presentation was announced by a tone that preceded it by a random temporal interval ranging from 500 to 1000 ms. Screen blanking followed the observer's response. In both RT I and RT II experiments, one session consisted of 200 trials equally partitioned either among the four possible orientations of the drifting component (RT I) or among the four possible speeds (RT II). Each RT datum-point was thus computed from 50 x 6 trials. One session was typically completed in less than 15 min.
RESULTS. RT EXPERIMENTS
The average error rate in all experimental conditions and for the two observers was less than 5%.
Comparison with the threshold experiments (RT I experiments) Figure 4a displays a limited sample of the RT results obtained by the first two observers (the authors) under the same experimental conditions as for the threshold experiments, namely with the stationary grating presented at ± 45 deg. All conventions are as in Fig. 2 . Notice that L-R RTs are shorter than U-D RTs by an average of 25 and 17 ms for observers AG and JL, respectively. As for the threshold results, the orientation of the stationary grating and of the response-axis interact strongly (F( l ,11 ) = 298, P < 0.0001), i.e. RTs obtained under collinearity conditions are systematically shorter than those obtained under noncollinearity conditions. As for the threshold results and according to the rationale In contrast with the threshold results, the average RT decrements and increments obtained under collinearity and noncollinearity conditions, respectively, are symmetrical about the RTs obtained in the absence of the stationary grating. According to our interpretation of the overall increase in thresholds obtained in the presence of the stationary grating (see above), this symmetry suggests a significant decrease in the masking/inhibitory effect of the latter. Considering that in the RT experiments the contrast of the drifting component was much higher than threshold (30%), the attenuation of the inhibitory effect of the stationary grating is easy to understand.
The inhibitory effect of the stationary grating is supposed to increase RTs. Thus, if such an effect was entirely absent (which is impossible to assess), one should conclude that the drifting blobs have about equal facilitatory and inhibitory effects depending on whether their direction of drift is collinear with or orthogonal to the response-axis.
Since, for the present compound stimuli, the directional uncertainty effect is exclusively related to the processing of the drifting grating per se, whereas the velocity effect is exclusively related to the processing of the blobs (or of the intersection of the lines of constraint-see the 'Extended paradigm' Section), their independent evaluation should permit the assessment of the relative contributions to the perceived direction of a compound stimulus of the two types of information. Figure 4b presents the same restricted set of RTs obtained by a naive observer with practically no previous training in this or any other psychophysical experiments. [The use of a naive observer was suggested by an anonymous referee who was concerned about possible artefacts due to the intensive training of the first two observers and their knowledge of the hypotheses motivating our study.] It is clear that the results presented in Fig. 4b are very similar to those presented in Fig. 4a and (b), respectively) and for the two observers. As expected, for both observers RTs increase when a increases and for all spatiotemporal parameters. The increase is definitely shallower than predicted by eq. (2) (dashed curve) but well fitted by a model posing that RTs are inversely proportional to the difference between the overall outputs of two direction-selective populations displaying optimal responses for directions on the two sides of the normal to the specified response-axis (see Appendix). The model simply assumes that the unitary responses are proportional to the velocity of the stimulus along the preferred direction of the unit (i.e. E = V cos <1>, where 0 is the angle between the actual direction of the stimulus and the preferred direction of the detector; see Fig. 9 ).
Thus, for a L-R response-axis, the total output of the direction-selective units responding optimally to directions within the 2nd and 3rd quadrants (of the trigonometrical circle) will be subtracted from the total output of the directionselective units responding optimally to directions within the 1 st and 4th quadrants.
where K is a proportionality factor and x ( a 1 ) is an exponent accounting for the nonlinear (or probabilistic) summation of the outputs of the differently oriented detectors (see Quick, 1974; Watson, 1979) . The limits of integration depend on the orientation of the response-axis and on a. As given in eq. (5), they apply for a L-R response-axis and for 0 < (see Appendix). The model has one free parameter, x. Best fits to the data (continuous curves in Fig. 5) were obtained for x = 4 and 3.7 for 1 and 5 deg/s conditions, respectively ( Fig. 5a and b) . These values match closely the average slope of the psychometric function as measured for a variety of experimental conditions (e.g., Watson, 1979; Gorea, 1985) and thus reinforce the validity of the model.
The velocity e.fJect (RT II experiments) Figure 6 displays RTs obtained as a function of the velocity of drifting gratings presented alone and whose direction of drift (either L-R or U-D) was always 2) and (5), respectively. For eq. (5), best fits were obtained with x = 4 (in a) and 3.7 (in b).
collinear with the response-axis. The velocities were chosen to match those of the blobs in the compound stimulus. The vertical dashed lines separate datum-points collected in separate sessions. RTs are shown for spatial frequencies of 1 and 4 c/deg, 30 and 60% contrasts (top and bottom panels) and for the two observers (AG and JL, open and filled symbols, respectively). RTs are well fitted by a function of the type log (RT-t') = a log (velocity) + b, with t' the asymptotic value (see Troscianko and Fahle, 1988) . The average slope a (= -0.20) fitted to the data is significantly shallower than that reported by Troscianko and Fahle (1988) , but the velocities used in their experiments were substantially lower than those used in the present experiments. Figure 7 summarizes the uncertainty effects (continuous thin curves; RT I experiments) and velocity effects (dotted and dashed curves for gratings of 30 and 60% contrasts, respectively; RT II experiments) as modelled above. The horizontal dashed lines represent theoretical baselines whose ordinates were obtained by averaging RTs measured in the RT I and RT II experiments (at both 30 and 60% contrasts) for The idea behind this computation is as follows. If, for a stimulus composed of a stationary and a drifting grating, the effects related to the uncertainty in the direction of the drifting grating (relative to the response-axis) and to the pattern (blobs) velocity counteract linearly, then the overall performance should be given by their algebraic sum (see Rationale II section). This is precisely what the heavy curves in Fig. 7 stand for.
Notice that the present 'interaction model' is meaningful only under conditions where the direction of the blobs is collinear with the response-axis (collinearity conditions). It is assumed that under noncollinearity conditions (where the pattern/ blobs direction is orthogonal to the response-axis) the irrelevant information provided by the drifting blobs will rather decrease performance by an unknown amount. Also notice that the reason behind our predictions of the uncertainty/velocity interactions for two contrasts (30 and 60%) is that, depending on how it is specified, the contrast of the blobs may vary from I to 2 times the contrast of the sinusoidal components (each of which was set at 30% contrast). (see Fig. 5 ). Heavy curves and circles show simulations (redrawn from Fig. 7 for 30% contrast) and RTs obtained under the collinearity conditions. Squares show RTs obtained under the noncollinearity conditions. Each datum-point is the average of eight measurements (i.e. 2 Obs x 2 response-axes x 2 spatial and temporal frequencies). Each measurement is the average of 6 sessions of 50 trials each (see the Methods Section).
RTs were systematically longer for the U-D than for L-R conditions (see subsection 'Comparison with the threshold experiments') and for observer AG than for observer JL (by an average of about 25 ms). As expected (Tynan and Sekuler, 1982; Pasternak and Merigan, 1984; Troscianko and Fahle, 1988) , higher velocities entail shorter RTs (compare Fig. 8a and b ).
As already demonstrated in Fig. 5 , the 'pure' uncertainty effect (i.e. drifting grating presented alone; crosses) increases with a and is fairly well accounted for by a model postulating that RTs are inversely proportional to the difference between the overall outputs of two directional-selective populations displaying optimal responses for directions on the two sides of the normal to the specified response-axis (see subsection 'Directional uncertainty effect' and Appendix) .
Under collinearity conditions (i.e. when the drifting grating is superimposed on a stationary grating whose orientation is collinear with the response-axis; circles), there is an overall decrease in RT, whereas the uncertainty effect is attenuated (the RT/a function is shallower). The two findings hold true for both observers and under all spatio-temporal stimulus conditions. As already discussed, they can be explained in terms of the perceptual contribution of the drifting blobs (or the intersection of the lines of constraint).
According to our analysis, performance under collinearity conditions could reflect the linear summation of the uncertainty and velocity effects. The simulations based on this hypothesis (heavy curves redrawn from Fig. 7 ) do indeed support this hypothesis. Best fits were obtained when the velocity effect, to be subtracted from the uncertainty effect, was assessed with gratings set at 30% contrast (see Figs. 6a and 7) and only the corresponding simulations are shown in Fig. 8 . These simulations account fairly well for the data if one considers that they are based on two independent assumptions, one relative to the pattern velocity effect per se and the other relative to the linear interaction between velocity and uncertainty effects. It can thus be concluded that the perceived direction of the compound stimulus is jointly determined by the direction of the blobs and of the sinusoidal drifting component.
As expected, the RT/a functions obtained under the noncollinearity conditions ( Fig. 8, squares ) are shifted upwards (by an average of about 40 ms) with respect to the conditions where the stationary grating is absent. This shift can be attributed both to the masking effect played by the stationary grating and to the 'distractor' effect of the orthogonally drifting blobs. The two effects interact in such a way that the increase in RT is practically independent of a.
DISCUSSION
The main finding of the present study is that the directional perception of complex drifting stimuli depends on the directional analysis of both their Fourier components and their higher contrast regions (blobs/intersection of the lines of constraint). One might criticize our experimental paradigm on the grounds that the effects it entails are more of a cognitive rather than of a purely perceptual type. More precisely (as suggested by an anonymous referee), the cognitive aspect would be related to a perceptual set created by the choice of the response-axis. This cognitive interpretation of our results is difficult to sustain for at least two reasons.
First, our control experiments where the drifting gratings were presented alone showed that changing the response-axis (a putative cognitive variable) is of no consequence in terms of either threshold or RT performance. Hence, an equivalence between response-axis and perceptual set is either unwarranted or, if it is, the perceptual set per se is of no consequence for directional performances.
Second, rather than associating the concept of perceptual set with the response-axis per se, one may instead relate it to a specific combination of the response-axis and of the orientation of the stationary grating (i.e. precisely what we refer to as collinearity and noncollinearity conditions). Since in our experiments collinearity and noncollinearity conditions were always randomly interleaved, the perceptual set interpretation cannot be taken seriously. Given the above arguments, we now proceed with a more detailed discussion of our main results.
The threshold experiments showed that directional responses are possible even though pattern direction is irrelevant with respect to the prespecified response-axis (noncollinearity conditions). This observation indicates that directional performances must be at least partially based on the directional processing of the sinusoidal drifting component of the plaid. The threshold experiments also showed that directional performances are improved when pattern direction is collinear with the response-axis demonstrating that directional performances with complex stimuli are also based on the processing of their higher contrast regions.
The RT experiments generalized the above results at suprathreshold levels and permitted the assessment of the relative contributions to the perception of motion of the two types of information. More particularly, the RT experiments demonstrated that directional performances depend both on the direction of the drifting component relative to the orientation of the response-axis (the DUE) and on the pattern velocity under collinearity conditions (the velocity effect). These experiments also demonstrated that the two effects, which are of different sign, sum linearly (at least for the collinearity conditions) suggesting that component-and blob-related outputs converge on some higher decision stage. What this conclusion amounts to is that, for complex moving stimuli, blobs (or lines of constraint) related information is not the final output of the system: this information is recombined at a higher level with the component-related information. We venture the hypothesis that such a 'recombination rule' might account for some of the cases where modelling based on blobs (or intersection of the lines of constraint) fails to account for the lack of coherent motion perception (Adelson and Movshon, 1982; Ferrera and Wilson, 1987) , as well as for different versions of the 'barber pole' effect (see Lorenceau and Shiffrar, submitted) .
Thus, the present results suggest that the classical interpretation of the 'two-stage' motion processing as a purely serial model may not be accurate. Even though the two stages could be hierarchically distinct, the output of the first stage appears not to converge entirely on the second (combination) stage, implying that the two processing types are at least partially independent. In that respect, a two-stage model becomes indistinguishable from a model postulating different types of processing units at the same processing stage. The first scheme offers a plausible substrate for the intersection of the lines of constraint hypothesis. The second does not. It follows that deciding which of the two is the most plausible substrate for directional perception with plaids amounts to testing the blobs vs. the intersection of the lines of constraint hypothesis. However, such a test may be impossible to perform (see Introduction) and this was not the aim of the present experiments.
As an alternative interpretation of our results, an anonymous reviewer suggested that the perceived direction of compound stimuli may be entirely determined by the second (combination) stage which performs an imperfect computation causing its velocity estimate to be deviated toward that of the component velocities. While this hypothesis cannot be ruled out, we prefer our partially parallel processing stages hypothesis which leads to predictions on the combined uncertainty-velocity effects that account fairly well for the data presented in Fig. 8 .
Favoring any of the possibilities discussed above on the basis of what is known from the neurophysiology literature may also be a difficult task. While recent research on the MT area appears to support the idea that processing of the lines of constraint is performed at this level (Movshon et al., 1983; Movshon, 1989; Maunsell and Newsome, 1987) , our current knowledge of the anatomy and physiology of the visual pathways appears to be quite sophisticated and suggests that motion outputs from more peripheral structures (VI, V2 and V3) converge only partially on the MT area (DeYoe and Van Essen, 1988) . Moreover, not all MT units display directional characteristics compatible with the lines of constraint combination rule (e.g., Albright et al., 1984) .
The present results suggest that, for a compound drifting stimulus, componentrelated and pattern-related directional processing modes coexist and interact linearly. The results strongly suggest that the two processing modes cannot be strictly serial. Whether they are partially serial or parallel remains an open question. It is worth remembering that the discrimination between parallel and serial processing has always been a major and still not solved problem in psychophysics. A decision in favor of parallel rather than serial processing has prevailed in most cases where the experimental evidence was ambiguous.
stimulus, V, multiplied by the cosine of the angle <1> between the former and the latter, i.e. v; = V cos <1>. Since the responses are summed across units whose degree of correlation is unknown (it may vary from 0 to 1 ) and since the summation may be inherently nonlinear, the overall response, R, on either side of the normal to the response-axis is given by rh with k2, another proportionality factor and x, an exponent accounting for such factors as response nonlinearity, degree of correlation of noise across detectors and/or probability summation (see Wilson, 1980) . It is supposed to represent the slope of the psychometric function which can be assessed experimentally (Quick, 1974; Watson, 1979) . The integration limits are determined by the prespecified response-axis and by the angle a of the actual velocity vector (with respect to the response-axis). If a is limited to the first two quadrants, the limits of integration a, b and c are respectively equal to a -7i/2, 7i:/2 and a + for a L-R response-axis and to a -nj2, 0 and a + for a U-D response-axis. If a is within the 3rd and 4th quadrants, the limits of integration a, b and c are respectively equal to an/2, 3n/2 and a + 7r/2, for a L-R response-axis and to a -2n and a + for a U-D response-axis ( Fig. Al) . From eqs. (Al), (A2) and (A2') it follows that:
with K = k, /Vk2. This is eq. (5). As mentioned in the text, the best fit to the data was obtained for an exponent x close to 4 which matches nicely the average slope of the psychometric function. We take this 'coincidence' as evidence supporting the validity of the present directional uncertainty model.
